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We investigate the semileptonic decay of the scalar tetraquark T−
bs;ud
to final state T 0
cs;ud
lνl, which
proceeds due to the weak transition b → clνl. For these purposes, we calculate the spectroscopic
parameters of the final-state scalar tetraquark T 0
cs;ud
. In calculations we use the QCD sum rule
method by taking into account the quark, gluon, and mixed condensates up to dimension 10. The
mass of the T 0
cs;ud
obtained in the present work (2878±128) MeV indicates that it is unstable against
the strong interactions and decays to the mesons D0K0 and D+K−. Partial widths of these S-wave
modes as well as the full width of the tetraquark T 0
cs;ud
are found by means of the QCD light-cone
sum rule method and technical tools of the soft-meson approximation. The partial widths of the
main semileptonic processes T−
bs;ud
→ T 0
cs;ud
lνl, l = e, µ, and τ are computed by employing the weak
form factors G1(q
2) and G2(q
2), which are extracted from the QCD three-point sum rules. We also
trace back the weak transformations of the stable tetraquark T−
bb;ud
to conventional mesons. The
obtained results for the full width Γfull = (3.28±0.48)×10
−10 MeV and mean lifetime 2.01+0.34
−0.26 ps of
T−
bs;ud
, as well as predictions for decay channels of the tetraquark T−
bb;ud
can be used in experimental
studies of these exotic states.
I. INTRODUCTION
Investigation of exotic mesons composed of four va-
lence quarks, i.e., tetraquarks is one of the interesting and
intriguing problems on agenda of high energy physics.
Experimental data collected by various collaborations
and achievements in their theoretical explanations made
these states an important part of hadron spectroscopy [1–
5]. But the nonstandard mesons discovered till now and
considered as candidates to exotics are wide resonances
which decay strongly to conventional mesons. These cir-
cumstances obscure their four-quark bound-state nature
and inspire appearance of alternative dynamical models
to account for observed effects. Therefore, theoretical
and experimental studies of 4-quark states, which are
stable against the strong interactions can be decisive for
distinguishing dynamical effects and genuine multiquark
states from each another.
The problems of stability of 4-quark mesons were al-
ready addressed in the original papers [6–8]. The main
conclusion made in these works was that, if a mass ratio
mQ/mq is large, then the heavyQ and light q quarks may
constitute stable QQq¯q¯ compounds. The stabile nature
of the axial-vector tetraquark T−
bb;ud
was predicted in Ref.
[9], and confirmed by recent investigations [10–12]. The
similar conclusions about the strong-interaction stability
of the tetraquarks T−bb;us, and T
0
bb;ds
were drawn in Ref.
[12] as well. The spectroscopic parameters and semilep-
tonic decays of the axial-vector tetraquark T−
bb;ud
were
analyzed in our work [13]. Our result for the mass of
the T−
bb;ud
state (10035± 260) MeV is below the B−B∗0
and B−B
0
γ thresholds, respectively, which means that it
is strong- and electromagnetic-interaction stable particle
and can decay only weakly. We evaluated the full width
and mean lifetime of T−
bb;ud
using its semileptonic decay
channel T−
bb;u¯d¯
→ Z0bclν¯l (for simplicity, Z0bc ≡ Z0bc;u¯d¯).
The predictions Γ = (7.17 ± 1.23) × 10−8 MeV and
τ = 9.18+1.90−1.34 fs obtained in Ref. [13] are useful for
further experimental studies of this double-heavy exotic
meson.
Because the tetraquark T−
bb;ud
decays dominantly to
the scalar state Z0bc, in Ref. [13] we calculated also the
spectroscopic parameters of Z0bc. The mass of this state
(6660 ± 150) MeV is considerably below 7145 MeV re-
quired for strong decays to heavy mesons B−D+ and
B0D0. The threshold for electromagnetic decays of Z0bc
exceeds 7600 MeV, and is also higher than its mass. The
semileptonic decays of the tetraquark Z0bc were explored
in Ref. [14]. The dominant weak decay modes of Z0bc
contain at the final state the scalar tetraquark T−
bs;ud
,
which has the mass (5380 ± 170) MeV, and is strong-
and electromagnetic-interaction stable particle.
The spectroscopic parameters and width of the axial-
vector state T 0bc with the same quark content bcud were
computed in Ref. [15]. The central value of its mass
(7105 ± 155) MeV is lower than corresponding thresh-
olds both for strong and electromagnetic decays. The
semileptonic decays of T 0bc create at the final state the
scalar tetraquark T+
cc;ud
, which is strong-interactions un-
stable particle and decays to conventional mesons D+D0
[16].
The 4-quark compounds bcud were subjects of inter-
esting theoretical studies [11, 12, 17–19]. Thus, an anal-
ysis performed in Ref. [11] showed that Z0bc lies below
2the threshold for S-wave decays to conventional heavy
mesons, whereas the authors of Ref. [12] predicted
the masses of the scalar and axial-vector bcud states
above the B−D+/B0D0 and B∗D thresholds, respec-
tively. Nevertheless, explorations conducted using the
Bethe-Salpeter method [17], and recent lattice simula-
tions proved the strong-interaction stability of the axial-
vector exotic meson T 0bc [18]. An independent analysis of
Ref. [19] also confirmed the stability of the tetraquarks
bcud ; it was demonstrated there, that both the scalar
and axial-vector states bcud are stable against the strong
interactions.
Summing up one sees, that T−
bb;ud
transforms due to
a chain of the decays T−
bb;ud
→ Z0bclν¯l → T−bs;udlν¯ll′νl′ ,
where the last state T−
bs;ud
should also decay through
semileptonic processes. At the next stage T−
bs;ud
cre-
ates a new tetraquark, which may be unstable or stable
againts the strong interactions. Therefore, semileptonic
decays of T−
bs;ud
to ordinary mesons through intermedi-
ate 4-quark state are important for throughout analysis
of the tetraquark T−
bb;ud
.
In the present work we consider namely the processes
T−
bs;ud
→ T 0
cs;ud
lν¯l, with l = e, µ, and τ (in what follows
we denote T−
bs;ud
⇒ T−bs and T 0cs;ud ⇒ T 0cs, respectively),
and calculate their partial widths. To this end, we first
explore the properties of the scalar 4-quark state T 0cs and
calculate its mass and coupling. Our prediction for the
mass of this statemT = (2878± 128) MeV demonstrates
that T 0cs can decay strongly to the conventional mesons
D0K0 and D+K−, partial widths of which are computed
as well. Using information about parameters of T 0cs, we
study its semileptonic decays and find branching ratios of
the processes T−bs → D0K0lν¯l and T−bs → D+K−lν¯l. Re-
sults of the present work allow us also to analyze decays
of the tetraquark T−
bb;ud
and trace back its transforma-
tions to ordinary mesons.
This paper is organized in the following manner. In
Sec. II we calculate the spectroscopic parameters of
the scalar 4-quark state T 0cs. Its strong decays are also
analyzed in this section. The section III is devoted
to semileptonic decays, where we calculate the partial
widths of the processes T−bs → T 0cslν¯l. In Sec. IV we sum
up information on T−bs , and analyze transformations of
T−
bb;ud
to conventional mesons.
II. SPECTROSCOPIC PARAMETERS AND
STRONG DECAYS OF THE TETRAQUARK T 0cs
It has been emphasized above that transformation of
the T−bs to meson pairs D
0K0 and D+K− runs through
creating and decaying of the intermediate scalar 4-quark
state T 0cs. Hence, parameters of this tetraquark are es-
sential for our following analysis. In this section we cal-
culate the mass and coupling of the tetraquark T 0cs by
means of the QCD two-point sum rule method, which
is an effective and powerful nonperturbative approach
to investigate parameters of hadrons [20, 21]. It can be
used to determine masses, couplings, and decay widths
not only of the conventional hadrons, but also of exotic
states [22]. In calculations, we take into account effects
of the vacuum condensates up to dimension 10.
Here, we also analyze decays of this exotic state to
conventional mesons via strong interactions. For these
purposes, we use the parameters of the tetraquark T 0cs
and calculate the strong couplings gTD0K0 and gTD+K−
corresponding to the vertices T 0csD
0K0 and T 0csD
+K−,
respectively. These couplings are necessary to find the
widths of the S-wave decays T 0cs → D0K0 and T 0cs →
D+K−, and can be calculated by means the QCD light-
cone sum rule (LCSR) approach [23]. Because the
aforementioned vertices contain a tetraquark the LCSR
method should be supplemented by a technique of the
soft-meson approximation [24]. For investigation of the
diquark-antidiquark states the soft-meson approximation
was adjusted in Ref. [26], and successfully applied later
to explore their strong decays (see, for example, Refs.
[27–29]).
A. Mass and coupling of the T 0cs
The mass and coupling of the tetraquark T 0cs can be
obtained from the QCD two-point sum rules. To this end,
we start from the analysis of the two-point correlation
function
Π(p) = i
∫
d4xeipx〈0|T {JT (x)JT†(0)}|0〉, (1)
where
JT (x) = ǫǫ˜[cTb (x)Cγ5sc(x)][ud(x)γ5Cd
T
e (x)] (2)
is the interpolating current for the tetraquark T 0cs. Here,
ǫǫ˜ = ǫabcǫade, and a, b, c, d, and e are color indices and C
is the charge-conjugation operator.
We assume that T 0cs is composed of the scalar diquark
ǫabc[cTb Cγ5sc] in the color antitriplet and flavor antisym-
metric state, and the antidiquark ǫade[udγ5Cd
T
e ] in the
color triplet state. Because these diquark configurations
are most attractive ones [25], the current (2) corresponds
to the ground-state scalar particle T 0cs with lowest mass.
To find the phenomenological side of the sum rule
ΠPhys(p), we use the ”ground-state+continuum” scheme.
Then, ΠPhys(p) contains a contribution of the ground-
state particle which below is written down explicitly, and
effects of higher resonances and continuum states denoted
by dots
ΠPhys(p) =
〈0|J |T 0cs(p)〉〈T 0cs(p)|J†|0〉
m2T − p2
+ . . . (3)
3Quantity Value
〈q¯q〉 −(0.24± 0.01)3 GeV3
〈s¯s〉 0.8〈q¯q〉
m20 (0.8± 0.1) GeV
2
〈sgsσGs〉 m
2
0〈s¯s〉
〈αsG
2
pi
〉 (0.012 ± 0.004) GeV4
〈g3sG
3〉 (0.57± 0.29) GeV6
mb (4.18± 0.03) GeV
mc (1.275± 0.025) GeV
ms 93
+11
−5 MeV
mK0 (497.614 ± 0.024) MeV
mK− (493.677 ± 0.016) MeV
mD (1864.84 ± 0.07) MeV
mD+ (1869.61 ± 0.10) MeV
fK− = fK0 (155.72 ± 0.51) MeV
fD = fD+ (203.7 ± 4.7) MeV
TABLE I: Parameters used in calculations.
The QCD side of the sum rules is determined by the
same correlation function ΠOPE(p) found using the per-
turbative QCD and expressed in terms of the quark prop-
agators. The obtained formulas, and manipulations with
ΠPhys(p) and ΠOPE(p) to derive the required sum rules
for the mass mT and coupling fT of the tetraquark T
0
cs
are similar to ones presented in Ref. [14], therefore we do
not repeat them here; necessary theoretical results can
be obtained from corresponding expressions for the T−bs
by a simple b→ c replacement.
The sum rules for mT and fT contain the quark, gluon
and mixed vacuum condensates, values of which are col-
lected in Table I. This table contains also the masses of
the b, c, and s quarks, as well as spectroscopic parame-
ters of the mesons D and K, which will be utilized in the
next subsection.
The sum rules also depend on two auxiliary parame-
ters. First of them is M2, which appears in expressions
after applying the Borel transformation to sum rules to
suppress contributions of the higher resonances and con-
tinuum states. The dependence on the continuum thresh-
old parameter s0 is an output of the continuum subtrac-
tion procedure. A choice of these parameters is con-
trolled by convergence of the operator product expansion
(OPE), dominance of the pole contribution (PC), and by
a minimum sensitivity of the extracted quantities on M2
and s0. Thus, the maximum allowed M
2 should be fixed
to obey the restriction imposed on the pole contribution;
as usual, for tetraquarks PC > 0.2. The lower bound of
the window for the Borel parameter is determined from
convergence of the OPE. A stability of extracted quan-
tities is among important requirements of the sum rule
calculations. In real computations these quantities, i.e.,
mT and fT is the case under consideration, demonstrate
a residual dependence on M2 and s0. It is worth noting
that a dependence of the parametersM2 and s0 is a main
source of unavoidable theoretical errors in the sum rule
calculations, which however can be systematically taken
into account.
Performed analysis allows us to determine the working
regions
M2 ∈ [1.8, 2.8] GeV2, s0 ∈ [11, 12] GeV2 (4)
that obey the constraints imposed on the Borel and con-
tinuum threshold parameters. In fact, atM2 = 1.8 GeV2
the convergence of the OPE is fulfilled, because a contri-
bution of the last three terms to the Borel transformed
and subtracted invariant amplitude ΠOPE(M2, s0) does
not exceed 0.7% of its value. At M2 = 1.8 GeV2 the
pole contribution reaches its maximum and forms 61%
of ΠOPE(M2, s0). At M
2 = 2.8 GeV2 the pole contribu-
tion is larger than 22% of the whole result.
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FIG. 1: The mass mT of the tetraquark T
0
cs as a function of
the Borel and continuum threshold parameters.
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FIG. 2: The same as in Fig. 1, but for the coupling fT .
The predictions for the mass mT and fT are plotted
in Figs. 1 and 2, where one can note their mild depen-
dence on the parameters M2 and s0. The results for the
spectroscopic parameters of the tetraquark T 0cs
mT = (2878± 128) MeV,
fT = (0.45± 0.08)× 10−2 GeV4 (5)
will be used below to study its strong decays.
4B. Strong decays T 0cs → D
0K0 and T 0cs → D
+K−
The spectroscopic parameters of the tetraquark T 0cs ob-
tained in the previous subsection provide an information
necessary to answer a question about its stability against
the strong interactions. It is not difficult to see, that the
mass mT makes kinematically allowed the strong decays
T 0cs → D0K0 and T 0cs → D+K−. There are other strong
decay modes of T 0cs, but these two channels are S-wave
processes. Here, we are going to consider in a detailed
form the channel T 0cs → D0K0, and give final results for
the second one.
The width of the decay T 0cs → D0K0, apart from other
parameters, is determined by the strong coupling gTD0K0
corresponding to the vertex T 0csD
0K0. Our aim is to
calculate the coupling gTD0K0 which quantitatively de-
scribes strong interactions between the tetraquark and
two conventional mesons. To this end, we use the LCSR
method and begin from analysis of the correlation func-
tion
Π(p, q) = i
∫
d4xeipx〈K0(q)|T {JD0(x)JT†(0)}|0〉, (6)
where JD
0
(x) is the interpolating current of the meson
D0; it has following form
JD
0
(x)(x) = u(x)iγ5c(x). (7)
Standard recipes require to write Π(p, q) in terms of phys-
ical parameters of the particles T 0cs, D
0, and K0
ΠPhys(p, q) =
〈0|JD0 |D0(p)〉
p2 −m2D
〈D0 (p)K0(q)|T 0cs(p′)〉
×〈T
0
cs(p
′)|JT†|0〉
p′2 −m2T
+ ..., (8)
where p′ and p, q are 4-momenta of the initial and final
particles, respectively. In the expression above by dots
we note contributions of excited resonances and contin-
uum states. The correlation function ΠPhys(p, q) can be
simplified by introducing the matrix elements
〈0|JD0 |D0(p)〉 = fDm
2
D
mc +mu
,
〈D0 (p)K0(q)|T 0cs(p′)〉 = gTD0K0(p · p′). (9)
The matrix element 〈0|JD0 |D0(p)〉 is expressed in terms
of D0 meson’s mass mD and its decay constant fD,
whereas 〈D0 (p)K0(q)|T 0cs(p′)〉 is written down using the
strong coupling gTD0K0 . In the soft-meson limit q → 0
we get p′ = p [26], and must carry out the Borel trans-
formation of ΠPhys(p, q = 0) over the variable p2, which
gives
BΠPhys(p2) = gTD0K0
fDm
2
DfTmT m˜
2
mc +mu
e−m˜
2/M2
M2
. . . ,
(10)
where
m˜2 =
m2T +m
2
D
2
. (11)
The necessity to use the soft-meson approximation of
the LCSR method and set q = 0 is connected with fea-
tures of tetraquark-meson-meson strong vertices. Be-
cause a tetraquark is built of four valence quarks, cal-
culations of the correlation function (6) by contracting
quark fields from relevant interpolating currents lead to
appearance of two quark fields at the same space-time
position, which, sandwiched between the vacuum and
K0 meson, generate the local matrix elements of K0.
Then, to preserve the 4-momentum conservation at the
vertex one has to set q = 0, and employ technical tools of
soft-meson approach elaborated in the full LCSR method
as the approximation to vertices containing only conven-
tional mesons [24]. Let us emphasize that in the case
of tetraquark-meson-meson vertices soft limit is an only
way to calculate corresponding strong couplings in the
framework of the LCSR method.
The soft approximation modifies the physical side of
the sum rules. A problem is that in the soft limit some
of contributions arising from the higher resonances and
continuum states even after the Borel transformation re-
main unsuppressed. These terms correspond to vertices
containing excited states of involved particles, and con-
taminate the physical side of sum rules. Therefore, be-
fore performing the continuum subtraction in the final
sum rule they should be delated by means of some ma-
nipulations. This problem can be solved by acting on the
physical side of the sum rule by the operator [24, 30]
P(M2, m˜2) =
(
1−M2 d
dM2
)
M2em˜
2/M2 , (12)
which keeps unchanged the ground-state term removing,
at the same time, unsuppressed contributions. Naturally,
the operator P(M2, m˜2) has to be applied to the QCD
side of the sum rule as well, which has to be calculated
in the soft-meson approximation and expressed in terms
of the K0 meson’s local matrix elements.
In the soft limit the correlation function ΠOPE(p) is
determined by the expression
ΠOPE(p) = i
∫
d4xeipxǫǫ˜
[
γ5S˜
ib
c (x)γ5S
di
u (−x)γ5
]
αβ
×〈K0|scα(0)deβ(0)|0〉, (13)
where
S˜(x) = CSTc(q)(x)C. (14)
In Eqs. (13) and (14), Sc(q)(x) are the c quark and light
quark propagators explicit expressions of which can be
found in Ref. [31]; for simplicity we do not provide these
formulas here.
As is seen, the correlation function ΠOPE(p) de-
pends on local matrix elements 〈K0|scα(0)deβ(0)|0〉, which
5should be recast to forms suitable for expressing them as
standard matrix elements of K0. For these purposes, we
employ the expansion
scαd
e
β →
1
12
Γjβαδ
ce
(
sΓjd
)
, (15)
where Γj is the full set of Dirac matrices
Γj = 1, γ5, γλ, iγ5γλ, σλρ/
√
2, (16)
Then operators sΓjd and ones appeared due to G inser-
tions from propagators S˜ and S, give rise to local matrix
elements of the K0 meson. Substituting Eq. (15) into
the correlation function and performing the color sum-
mation in accordance with prescriptions described in Ref.
[26], we fix local matrix elements of K0 that contribute
to ΠQCD(p). It turns out, that only the twist-3 matrix
element
〈0|d(0)iγ5s(0)|K0〉 =
fK0m
2
K0
ms +md
(17)
contributes to the correlation function.
The function ΠOPE(p) contains the trivial Lorentz
structure which is proportional to I. The Borel trans-
formed and subtracted expression of the corresponding
invariant amplitude ΠOPE(p2) reads
ΠOPE(M2, s0) =
∫ s0
(mc+ms)2
dsρpert.(s)e−s/M
2
+
µK0
6
e−m
2
c
/M2
{
mc〈qq〉+ 1
8
〈αsG
2
π
〉
[
1 +
m2c
6M2
]
− m
3
c
4M4
〈sgsσGs〉 − g
2
sm
4
c
81M6
〈qq〉2
−mcπ
2
18M6
〈αsG
2
π
〉〈qq〉 (m2c − 3M2)} , (18)
where
ρpert.(s) =
µK0
24π2
(3m2c − s), (19)
and µK0 = fK0m
2
K0/(ms + md). Let us note that cal-
culations of ΠOPE(M2, s0) are carried out by taking into
account nonperturbative terms up to seventh dimension.
Then, the sum rule for the strong coupling gTD0K0 takes
the form
gTD0K0 =
mc +mu
fDm2DfTmT m˜
2
P(M2, m˜2)ΠOPE(M2, s0).
(20)
The width of the decay T 0cs → D0K0 is given by the
formula
Γ[T 0cs → D0K0] =
g2
TD0K0
m2D
8π
λ
(
1 +
λ2
m2D
)
, (21)
where
λ = λ
(
m2T ,m
2
D,m
2
K0
)
=
1
2mT
[
m4T +m
4
K0 +m
4
D
−2(m2Tm2D +m2Tm2K0 +m2K0m2D)
]1/2
. (22)
Numerical computations of the strong coupling gTD0K0
yield
|gTD0K0 | = (0.37± 0.05) GeV−1, (23)
which allows us to evaluate the partial width of the decay
T 0cs → D0K0:
Γ
(
T 0cs → D0K0
)
= (15.35± 3.24) MeV. (24)
Let us note that in the sum rule computations the Borel
and continuum subtraction parameters are chosen as in
Eq. (4).
The decay T 0cs → D+K− can be analyzed by the same
manner. The difference is connected with quark contents
of the mesons D+ and K− that generate small modifica-
tions, for example, Π˜OPE(p) takes the form
Π˜OPE(p) = i
∫
d4xeipxǫǫ˜
[
γ5S˜
ib
c (x)γ5S
di
d (−x)γ5
]
αβ
×〈K−|ucα(0)seβ(0)|0〉. (25)
Therefore, we write down the final results for the strong
coupling gTD+K− and corresponding decay width
|gTD+K− | = (0.38± 0.06) GeV−1,
Γ
(
T 0cs → D+K−
)
= (15.40± 3.35) MeV. (26)
These dominant decay channels allow us to estimate the
full width of the tetraquark T 0cs
ΓT 0
cs
= (30.8± 4.7) MeV,
that can be classified as a relatively narrow state.
III. SEMILEPTONIC DECAY T−bs → T
0
cslνl
The semileptonic decay T−bs → T 0cslνl runs through the
transitions b → W−c and W− → lνl. It is not difficult
to see that decays with all lepton species l = e, µ and τ
are kinematically allowed processes.
The transition b→ c at the tree-level can be described
using the effective Hamiltonian
Heff = GF√
2
Vbccγµ(1− γ5)blγµ(1− γ5)νl, (27)
where GF is the Fermi coupling constant, and Vbc is the
relevant Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ement. After placing the effective Hamiltonian Heff be-
tween the initial and final tetraquarks and factoring out
the lepton fields one gets the matrix element of the cur-
rent
JWµ = cγµ(1− γ5)b. (28)
The matrix element 〈T 0cs(p′)|JWµ |T−bs(p)〉 can be expressed
in terms of the form factors Gi(q
2) that parameterize the
6long-distance dynamics of the weak transition. In the
case of scalar tetraquarks it has the rather simple form
〈T 0cs(p′)|JWµ |T−bs(p)〉 = G1(q2)Pµ +G2(q2)qµ, (29)
where p and p′ are the momenta of the tetraquarks T−bs
and T 0cs, respectively. Here, we use the shorthand nota-
tions Pµ = p
′
µ + pµ and qµ = pµ − p′µ. The qµ is the
momentum transferred to the leptons, and q2 changes
within the limits m2l ≤ q2 ≤ (m−mT )2, where ml is the
mass of a lepton l.
The sum rules for the form factors Gi(q
2), i = 1, 2 can
be derived from the three-point correlation function
Πµ(p, p
′) = i2
∫
d4xd4yei(p
′y−px)
×〈0|T {JT (y)JWµ (0)J†(x)}|0〉, (30)
where JT (y) and J(x) are the interpolating currents for
the states T 0cs and T
−
bs, respectively. The current J
T (y) is
given by Eq. (2), whereas for J(x) we use the expression
J(x) = ǫǫ˜[bTb (x)Cγ5sc(x)][ud(x)γ5Cd
T
e (x)]. (31)
First, we express the correlation function Πµ(p, p
′) in
terms of the spectroscopic parameters of the tetraquark
and mesons, and fix the physical side of the sum rule, i.e.,
find the dunction ΠPhysµ (p, p
′). It can be easily written
down in the form
ΠPhysµ (p, p
′) =
〈0|JT |T 0cs(p′)〉〈T 0cs(p′)|JWµ |T−bs(p)〉
(p2 −m2)(p′2 −m2T )
×〈T−bs(p)|J†|0〉+ . . . , (32)
where we take explicitly into account a contribution of
the ground-state particles, and denote by dots effects due
to excited and continuum states.
Using the tetraquarks’ matrix elements and expressing
the vertex 〈T (p′)|JWµ |T−bs(p)〉 in terms of the weak tran-
sition form factors Gi(q
2) it is not difficult to find that
ΠPhysµ (p, p
′) =
fTmT fm
(p2 −m2)(p′2 −m2T )
× [G1(q2)Pµ +G2(q2)qµ] , (33)
where the matrix element of the state T−bs is defined by
〈T−bs(p)|J†|0〉 = fm. (34)
To calculate Πµ(p, p
′), we employ the interpolating
currents and quark propagators, and find
ΠOPEµ (p, p
′) = i2
∫
d4xd4yei(p
′y−px)ǫǫ˜ǫ′ǫ˜′
×Tr
[
γ5S˜
e′e
d (x− y)γ5Sd
′d
u (x− y)
]
Tr [γµ(1− γ5)
×Sibb (−x)γ5S˜cc
′
s (y − x)γ5Sb
′i
c (y)
]
. (35)
Then, the sum rules for the form factors Gi(q
2) can be
derived by equating the invariant amplitudes correspond-
ing to the same Lorentz structures in ΠPhysµ (p, p
′) and
ΠOPEµ (p, p
′). Afterwards, we carry out the double Borel
transformation over p′2 and p2 which is required to sup-
press contributions of the higher excited and continuum
states, and perform the continuum subtraction. These
operations lead to the sum rules
Gi(M
2, s0, q
2) =
1
fTmT fm
∫ s0
(mb+ms)2
ds
×
∫ s′0
(mc+ms)2
ds′ρi(s, s
′, q2)e(m
2−s)/M21 e(m
2
T
−s′)/M22 ,
(36)
where ρ1(2)(s, s
′, q2) are the spectral densities calcu-
lated as the imaginary parts of the correlation func-
tion ΠOPEµ (p, p
′) with dimension-five accuracy. In Eq.
(36) M2 and s0 are a couple of the Borel and contin-
uum threshold parameters, respectively; the set (M21 , s0)
corresponds to the initial state T−bs , and the second set
(M22 , s
′
0) describes the tetraquark T
0
cs.
Parameters for numerical computations of
Gi(M
2, s0, q
2) are listed in Table I. The mass and
coupling of the tetraquark T−bs
m = (5380 ± 170) MeV,
f = (2.1± 0.5)× 10−3 GeV4, (37)
and working windows for the parameters (M21 , s0)
M21 ∈ [3.4, 4.8] GeV2, s0 ∈ [35, 37] GeV2 (38)
are borrowed from Ref. [14]. The regions for (M22 , s
′
0)
and spectroscopic parameters of T 0cs are given by Eqs.
(4) and (5), respectively. In numerical computations we
also use the Fermi coupling constant GF = 1.16637 ×
10−5 GeV−2 and CKM matrix element |Vbc| = (41.2 ±
1.01) · 10−3.
To obtain the width of the decay T−bs → T 0cslνl one must
integrate the differential decay rate dΓ/dq2 (see, expla-
nation below) of this process in the kinematical limits
m2l ≤ q2 ≤ (m − mT )2. But, QCD sum rules for the
form factors Gi(q
2) lead to reliable predictions only in
the interval m2l ≤ q2 ≤ 5 GeV2, which do not cover the
whole integration region m2l ≤ q2 ≤ 6.26 GeV2. There-
fore, the weak form factors Gi(q
2) should be replaced by
the fit functions Gi(q2), which at q2 accessible for the
sum rule computations coincide with Gi(q
2), but can be
easily extrapolated to the full integration region.
For the fit functions we choose the analytic expressions
Gi(q2) = G0i exp
[
gi1
q2
m2
+ gi2
(
q2
m2
)2]
. (39)
Here, G0i , gi1, and gi2 are parameters
G01 = 1.022, g11 = 1.383, g12 = 0.756,
G02 = −0.886, g21 = 1.440, g22 = 0.813. (40)
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FIG. 3: Dependence of the weak form factor G1(q
2) on q2:
QCD sum rule predictions and the fit function G1(q
2).
In Fig. 3, we demonstrate the sum rule predictions for
the form factor G1(q
2) and fit function G1(q2), in which
a very nice agreement between them is seen. The same
conclusion is valid for the G2(q
2) and G2(q2) as well.
The differential decay rate dΓ/dq2 of the process T−bs →
T 0cslνl can be calculated using the expression derived in
Ref. [14], where one needs to replace parameters of the
tetraquarks and weak form factors. Calculations yield
the following predictions
Γ
(
T−bs → T 0cse−νe
)
= (1.55± 0.34)× 10−10 MeV,
Γ
(
T−bs → T 0csµ−νµ
)
= (1.54± 0.33)× 10−10 MeV,
Γ
(
T−bs → T 0csτ−ντ
)
= (1.91± 0.42)× 10−11 MeV.
(41)
Then, for the full width and mean lifetime of the
tetraquark T−bs we find
Γfull = (3.28± 0.48)× 10−10 MeV,
τ = 2.01+0.34−0.26 × 10−12 s. (42)
Branching ratios of the processes T−bs → D0K0lνl and
T−bs → D+K−lνl can be found using BR
(
T−bs → T 0cslνl
)
and BR
(
T 0cs → D0K0
)
≃ BR (T 0cs → D+K−) ≃ 0.5.
Results of these computations are collected in Table II.
IV. ANALYSIS AND CONCLUSIONS
In the present work we have calculated width and mean
lifetime of the tetraquark T−bs, which is stable against
the strong and electromagnetic decays. To this end, we
have computed partial widths of its dominant semilep-
tonic decays T−bs → T 0cslνl, where l is one of e, µ and τ
leptons. The tetraquark T 0cs appeared at the final state
of this process is the strong-interaction unstable particle
Channels BR
D0K0e−νe 0.24
D+K−e−νe 0.24
D0K0µ−νµ 0.23
D+K−µ−νµ 0.23
D0K0τ−ντ 0.03
D+K−τ−ντ 0.03
TABLE II: The decay channels of the tetraquark T−bs and their
branching ratios.
and decays to conventional mesons D0K0 and D+K−.
We have also evaluated the spectroscopic parameters of
T 0cs and computed the partial widths of its strong de-
cays, which allowed us to find the branching ratios of the
processes T−bs → D0K0lνl and T−bs → D+K−lνl. Predic-
tions for the mass of T−bs obtained in our previous work
[14], and results for the full widths and mean lifetimes
of the tetraquarks T−bs and T
0
cs provide a basis for their
experimental investigations.
But, information gained in the present article is impor-
tant also to trace back transformations of the state T−
bb;ud
.
Stable nature of the T−
bb;ud
was explored and confirmed
by different methods and authors. This state trans-
forms in accordance with the chain of decays T−
bb;ud
→
Z0bclν¯l → T−bslν¯ll′νl′ . Now with information on decays
of the tetraquark T−bs at hands, we can fix decay chan-
nels of T−
bb;ud
to conventional mesons. It is not difficult
to see, that T−
bb;ud
→ D0K0lν¯ll′νl′ l′′νl′′ and T−bb;ud →
D+K−lν¯ll′νl′ l
′′νl′′ are main modes of such transforma-
tions, branching ratios of which can be found using re-
sults of Refs. [13, 14] and information obtained in the
present work. In Fig. 4, as an example, we depict one of
such channels. For these decay modes relevant computa-
tions yield
BR
(
T−
bb;ud
→ D0K0L
)
= BR
(
T−
bb;ud
→ T−bse−e+
)
×BR
(
T−bs → D0K0e−
)
= 4.4× 10−2. (43)
For simplicity, above we have denoted L = e−e+e− and
omitted final-state neutrinos. The branching ratio for the
second channel is also given by Eq. (43) . Other decays
can be analyzed by the same manner.
The results for the width and lifetime of the tetraquark
T−bs, and predictions for branching ratios of T
−
bs and T
−
bb;ud
have been obtained using their dominant semileptonic de-
cays. During our analysis we have neglected their numer-
ous subdominant weak decay modes. At earlier levels of
this cascade some of these modes might create unstable
4-quarks that dissociate to other than D and K mesons.
Such processes are connected, first of all, with weak de-
cays of heavy quarks that are suppressed due to CKM
matrix elements, and were ignored in our studies. In the
8present work the exotic meson T−bs has been treated as a
scalar particle. But in the decay Z0bc → T−bslνl the final-
state tetraquark may bear also other quantum numbers.
By including into analysis these options one may reveal
new decay modes of Z0bc, and, hence of T
−
bb;ud
.
Various strong decays of T 0cs trigger alternative chan-
nels as well. Thus, here we have analyzed only S-wave
decays of T 0cs, but its P - wave and other decays create
various ordinary mesons at the final stages and also lead
to different decays. Finally, intermediate W± bosons
can couple to a quark-antiquark W± → qq′, and trans-
form to a pair of ordinary mesons. Creating of two
mesons from qq′ requires, naturally, additional quarks
q′′q′′ which appear due to a gluon emitted from one
of q or q′ quarks. As a result, multimeson processes
T−bs → T 0csM1(qq′′)M2(q′′q′) are suppressed relative to the
semileptonic decays by the additional factor α2s|Vqq′ |2,
but they form a part of the whole picture. Investiga-
tion of these alternative decays can add a valuable new
information on features of the exotic mesons T−
bb;ud
and
T−bs.
FIG. 4: One of the decay modes of the tetraquark T−
bb;ud
.
Here, we use the notation L = e−e+e−.
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